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The origin and evolution of the complex regulatory landscapes of some vertebrate developmental genes,
often spanning hundreds of Kbp and including neighboring genes, remain poorly understood. The Sonic
Hedgehog (Shh) genomic regulatory block (GRB) is one of the best functionally characterized examples,
withseveraldiscreteenhancersreportedwithinitsintrons,vastupstreamgene-freeregionandneighboring
genes (Lmbr1 and Rnf32). To investigate the origin and evolution of this GRB, we sequenced and
characterized the Hedgehog (Hh) loci from three invertebrate chordate amphioxus species, which share
several early expression domains with Shh. Using phylogenetic footprinting within and between chordate
lineages,andreporterassaysinzebrafishprobing.30 KbpofamphioxusHh,wereportlargesequenceand
functional divergence between both groups. In addition, we show that the linkage of Shh to Lmbr1 and
Rnf32,necessaryfortheuniquegnatostomate-specificShhlimbexpression,isavertebratenoveltyoccurred
between the two whole-genome duplications.
H
ow the extremely complex regulatory landscapes of certain developmental genes are originated and
assembledinevolutionisunclear.Althoughthepresence ofgenomicregulatoryblocks(GRBs)–inwhich
key developmental factors are linked to bystander genes that contain regulatory information for the
former – has been extensively described
1–3, the origin and evolution of such syntenic blocks, and their potential
implications for organismal evolution is still poorly understood. One of the best characterized examples of a
functional GRB involves Sonic Hedgehog (Shh)
4,5, a major morphogen in animal development
6,7. Shh has been
implicated in awide variety of ontogenetic processes, such as the dorso-ventral (D–V)
8and antero-posterior (A–
P)
9 patterning of the developing central nervous system (CNS), the development of limbs
10, inner ear
11, digestive
system
12,etc.Accordingly,Shhshowsaremarkablycomplexexpressionpatternduringdevelopment,comprising
four major domains at early stages: CNS, notochord, epithelial sheet from the oral cavity to the hindgut, and
limbs
13.
This complexity of developmental functions and expression patterns is paralleled at the genomic level. In
mouse,Shhenhancersarescatteredacrossavastregulatorylandscapespanningmorethan850 Kbp,includingits
two introns, a gene desert of 729 Kbp in the upstream intergenic region and two upstream neighboring tran-
scriptional units, the bystander genes Lmbr1 and Rnf32. This region constitutes a GRB around Shh conserved in
most vertebrate species
14, and comprises all Shh enhancers identified to date. A subset of these enhancers drives
ShhexpressiontoCNSdomainsconservedacrossjawedvertebrates(Figure1).Inthedevelopingspinalcord,Shh
is expressed all along the floor plate, and this expression is crucial for proper D–V patterning of the neural tube
and the differentiation of specific cell populations
8. In mouse, this expression is directed by two enhancers (Shh
Floor Plate Enhancers, SPFE1 and SFPE2) that are located proximally upstream of the Shh coding region, and in
the second intron, respectively
15. Expression in the brain is more complex
16,17, and is controlled by at least four
different enhancers. In particular, within the diencephalon, Shh expression shows a characteristic dorsal expan-
sion fromthe basalplate: thecoreof theZonaLimitansIntrathalamica (ZLI).The ZLIisanimportant secondary
organizerthatregulatesspecificdiencephalicfatesthroughtheactionofShh
9.ZLIexpression,togetherwiththose
in the midbrain and caudal diencephalon are driven by the Shh Brain Enhancer 1 (SBE1), also located within the
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15. The other three brain enhancers, SBE2-4,
control more rostral expression domains and are located far
upstream from the Shh coding sequence
18.
Expression to other developing tissues is also driven by specific
enhancers,recognizableonthebasisofsequenceconservationacross
different vertebrate groups (i.e. as highly conserved non-coding
regions, HCNRs). Limb expression is controlled by an enhancer
located within the bystander gene Lmbr1, ,800 Kbp upstream of
Shh in mouse (MFCS1, also called ZPA Regulatory Sequence (ZRS),
Figure 1A)
5,19–21. Similarly, expression to postpharyngeal linings is
driven by an enhancer conserved from mammals to amphibians
(MACS1), which is located within an intron of the Rnf32 gene
(Figure 1A)
4; two other enhancers (MFCS4 and MRCS1) are also
located near Rnf32 and promote Shh transcriptional activation in
more anterior linings. Finally, regarding notochord expression, an
enhancer (SNE) has been identified upstream of mouse Shh, see-
mingly overlapping with SFPE1, and, although they have not been
characterized, at least two notochord enhancers lie within the gene
desert upstream of Shh, according to BAC screenings in mouse
18.
Shh regulation has also been extensively studied in zebrafish.
Perhaps surprisingly, the scenario is quite different, although most
of the proximal enhancers can be traced by sequence similarity.
Three HCNRs were identified within shha (two in intron 1, ar-A
and ar-B, and one in intron 2, ar-C, Figure 1B), plus a forth HCNR
upstream, near the transcription start site (ar-D) (Figure 1B).
Enhancers ar-D and ar-C correspond to SFPE1 and SFPE2, respect-
ively. Their function, however, differs from the mouse counterparts,
which drive expression throughout the floor plate: ar-D drives
expression only to the anterior floor plate, and ar-C promotes
expression in forebrain and notochord, and only weakly in the floor
plate
22. On the other hand, ar-B drives expression throughout the
spinal cord floor plate
22, and it has been lost in mammals
23, and ar-A
drivesexpressiontonotochord,andsomebrainstructures,similarto
ar-C
22.Phylogeneticfootprintingusingcoelacanth–aslow-evolving,
sister species of the tetrapods – show that these four HCNRs are
ancestral; nonetheless, the enhancer function of the coelacanth
sequences ismoresimilar tothe tetrapod counterparts
23.Theenhan-
cer(s) responsible for other expression domains have not been char-
acterized yet in zebrafish, although HCNRs orthologous to some of
the mouse elements are present in teleost species
14,18,20,24.
Despite the fact that Shh seems to have taken most ancestral
Hedgehog functions
6, tetrapods have two other paralogs, Indian
hedgehog (Ihh) and Dessert hedgehog (Dhh), originated in the two
rounds of whole genome duplication (WGD) occurred at the base of
vertebrates
25.Thecodingsequencesoftheseparalogsaremorediver-
gent, and their developmental expressiondomains and functions are
much more restricted than those of Shh, especially in the case of
Dhh
6.Accordingly,theregulationofbothDhhandIhhhavereceived
little attention, and only one enhancer, responsible for the Ihh-spe-
cificexpressionduringendochondralboneformation,hasbeeniden-
tified so far
26. This element is located within the longest intron of the
upstreamneighboringgene,Nhej1,suggestingthatthisgeneispartof
the Ihh GRB. In invertebrates, Hedgehog genes also show complex
expression patterns and play crucial roles during development in all
studied species
6,27–32.Inthebasalchordateamphioxus, thebestliving
proxy to the vertebrate-invertebrate ancestor bodyplan, Hh is
expressed in four major developing regions at early developmental
stages: CNS, notochord, tail bud and pharyngeal endoderm (includ-
ing forming gill slits)
32,33, some of which readily correspond to verte-
brate Shh expression domains. In the developing CNS, amphioxus
Hh is also restricted to the ventral side of the forming neural tube up
to a rostral limit; however, in stark contrast to all vertebrates, no
expression is found in the most anterior part of the amphioxus
CNS, including no dorsal ZLI-like expansion
32–35. This suggests
important changes in the regulation of Shh/Hh during chordate
diversification; however, the evolution of Hh regulatory landscape
is still poorly understood.
Here, we have analyzed the amphioxus Hh genomic locus to get
insights into the origin and evolution of the vertebrate Shh GRB. We
have sequenced ,55 Kbp of Hh loci in the European amphioxus,
Branchiostoma lanceolatum, and performed phylogenetic footprint-
ing analyses with two sister species (the Floridian and Chinese
amphioxus), and several vertebrates. We found widespread conser-
vation of non-coding sequences within the amphioxus Hh locus
between the three cephalochordates, but we could not identify reli-
ableorthologoussequencestoanyofthevertebrateHCNRs.Inorder
to test cryptic regulatory conservation, we also generated transgenic
zebrafish lines carrying amphioxus sequences spanning the whole
Figure 1 | Genomic location of tissue-specific Shh enhancers in mouse
and zebrafish. (A) Distribution of tissue-specific enhancers across the
large upstream region and introns of Shh in mouse chromosome 5. Each
enhancer is represented as a color block and its associated expression is
shown in the same color in the schematic embryos above. SFPE1 (green)
and SFPE2 (yellow) drive expression throughout the floor plate of the
spinal cord; SBE1 (lile), to the midbrain and caudal diencephalon,
including the ZLI; SBE2-4 (red and dark and light blue), to more anterior
domains in the developing brain; MRCS1 (purple), MFCS4 (light brown)
and MACS1 (dark brown) to epithelial linings; and MFCS1/ZRS (light
orange) to limb buds. Two enhancers lay within the intronic sequence of
bystander genes Lmbr1 (MFCS1/ZRS) and Rnf32 (MACS1), and two
within the second intron of Shh (SBE1 and SFPE2). (B) Distribution of
known enhancers in zebrafish shha gene. ar-A (light green) drives
expression to the notochord and some brain structures; ar-B (dark
orange), throughout the spinal cord floor plate; ar-C (dark green), to
forebrain and notochord, and weakly in the floor plate; and ar-D (yellow),
to the anterior floor plate. Adapted from different sources
4,18,22.
www.nature.com/scientificreports
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endogenous Hedgehog genes in zebrafish and amphioxus (in devel-
oping pharyngeal endoderm and gill slits). This sequence and cis-
regulatory function has no evolutionary correspondence to any
described vertebrate enhancer, further supporting a general lack of
regulatoryconservationbetweenvertebratesandamphioxus.Finally,
weinvestigatedthemicrosyntenyassociatedwiththeHedgehoglocus
in vertebrates and invertebrates. We found strong evidence for a
vertebrate-specific genomic rearrangement affecting Shh/Dhh
between the two rounds of WGD that configured a novel microsyn-
tenic environment that included the enhancer-containing bystander
genes Lmbr1 and Rnf32 as parts of a new GRB.
Results
Cloning and sequencing of B. lanceolatum Hh loci and compari-
son to other amphioxus species. We sequenced ,55 Kbp of
genomic sequence of the Hh locus from the European amphioxus,
B. lanceolatum, following two main strategies (see Methods). A
genomic fragment of 41,161 bp, containing the three coding exons
of Hh, was sequenced from different phages identified through
screening of a genomic library. In addition, 13,640 bp further
upstream from the Hh loci were cloned using primers designed
on lowly polymorphic B. floridae regions, based on haplotype
comparisons. In total, the sequenced region comprised 29,069 bp
upstream of the start codon, the three coding exons, the first and
second introns (11,458 and 10,312 bp, respectively), and 2,714 bp
downstream of the termination codon, including the full 39
untranslated region (Figure 2A).
We next compared this sequence with the orthologous genomic
regions from the Floridian and Chinese amphioxus species,
Branchiostoma floridae and Branchiostoma belcheri, using LAGAN
alignments visualized as VISTA plots (Figure 2B). Despite the three
amphioxus species diverged at least 100 million years (my) ago
36–38,
we found widespread conservation of non-coding sequences, even
using highly stringent conditions (calculation window5300 bp,
minimum width5300 bp, sequence identity580%). The conser-
vation of non-coding sequences was particularly striking within
the two Hh introns, with regions having sequence similarity
of 90% over .1,500 bp among the three amphioxus species
(Figure 2B).
Comparison of Hedgehog loci from amphioxus and vertebrates.
We next compared the amphioxus Hh locus with the vertebrate
paralogs, Shh, Dhh and Ihh. One of the main differences between
theselociisthemassiveupstreamgene-freeregioninmostShhgenes,
compared to amphioxus Hh and the other two vertebrate paralogs.
For instance, in mouse, the region upstream of Shh up to Rnf32
comprises 729 Kbp, whereas Ihh and Dhh have upstream
intergenic regions of 16 and 5.4 Kbp, respectively, and B. belcheri
Hh has 27 Kbp. These differences suggest higher complexity in the
regulatory landscapes for the Shh genes. On the other hand, the two
conserved introns are more than twice the length in amphioxus Hh
than in Shh genes, despite the fact that several enhancers have been
described within these vertebrate introns
15,22. Thus, it could be
possible that much of the cis-regulatory information in amphioxus
is also contained within these introns.
We attempted to identify deeply conserved HCNRs across chor-
dates using VISTA plots of different alignment software for amphi-
oxus Hh and several vertebrate Shh loci (Figure 3, see Methods).
Several vertebrate- or tetrapod-specific HCNRs were identified in
the Shh upstream region (Figure 3A), including all previously char-
acterized enhancer elements
4,23. However, none of these elements
seems to be significantly conserved in amphioxus, even using highly
relaxed conservation parameters (see Methods). For example, using
LAGAN alignments, VISTA analysis detected a possible trace of
conservation only for SBE4. (Figure 3A, light blue); nonetheless, this
short sequence had low complexity and was not conserved bet-
ween the three amphioxus species (see also Figure S1), despite their
Figure 2 | Comparison of Hh locus among three amphioxus species. (A) Schematic representation of the B. lanceolatum Hh genomic region and
genomicfragmentsclonedandsequencedinthisstudy.CodingexonsareshownindarkblueandUTRsinlightblue.Phagegenomicfragmentsarenamed
afterl,andA–Cindicatestheexon(s)containedinthesequence.(B)VISTAplotcomparingB.lanceolatum(reference,ontop)withB.floridae(BfHh)and
B.belcheri(BbHh)Hhlociusinghighlystringentconditions(LAGANalignment,windowsize5300 bp,minimumwidth5300 bp,identity580%).Dark/
light blue indicates coding/UTR exonic sequence and pink shows non-coding regions conserved above threshold.
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 2 : 433 | DOI: 10.1038/srep00433 3Figure 3 | ComparisonofamphioxusHh and vertebrateShh loci. (A) VISTAplotfor thealignmentofthe Shhgenomic regionfromsix vertebratespecies
and amphioxus Hh using mouse Shh as reference with default conditions, except for amphioxus (window size of 50 bp, minimum width of 50 bp and
sequence identity threshold of 60%). The aligned sequences comprise the genomic region between Lmbr1 and Shh, both included. (B) Detailed alignment
withintheShhloci,asindicatedin(A).Eachreportedtissue-specificenhancerishighlightedusingthesamecolorcodeasinFigure1.Speciesabbreviations:
HsShh, human, GgShh,c h i c k e n ,AcShh, green anole lizard, XtShh, Xenopus tropicalis, OlShh,m e d a k a ,a n dBfHh, Floridian amphioxus.
www.nature.com/scientificreports
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positive.
Similarly, no conservation of non-coding regions was observed
within the two Shh introns and for the sequence corresponding to
the proximal floor plate enhancer SFPE1 (Figure 3B). Given that the
two SFPE enhancers drive Shh expression to specific CNS subdo-
mains that are likely homologous to those of amphioxus developing
neural tube
32, we performed specific local alignment of these se-
quences to the corresponding amphioxus regions. No trace of
sequence conservation was found for any of the enhancers, includ-
ing full sequence motif arrangements for previously described func-
tionaltranscription factorbindingsites
39.Consistently, onlyapartial
arrangementforSFPE2,withaputativeFoxA2bindingsite,hasbeen
previously reported
40. Finally, comparison of amphioxus Hh to the
other two vertebrate paralogs, Dhh and Ihh, gave similar negative
results(FigureS2).Withinjawedvertebrates,however,afewHCNRs
were detected. In the case of Ihh, they were restricted to tetrapods
(most of them to amniotes) and mostly located within the introns of
its upstream neighboring gene, Nhej1, consistent with previous
results
26. Dhh presented a more extreme situation and no conser-
vationcouldbeidentified outside mammals,in linewiththis paralog
having a much simpler transcriptional regulation than Shh. Using
amphioxus, medaka or Xenopus as reference genomes for the above
analyses yielded similar results (data not shown).
EnhanceractivityofamphixousHhsequencesintransgenicassays
in zebrafish. The lack of non-coding sequence conservation over
long phylogenetic distances is not particularly surprising, since it is
known to be rare
3,41,42. However, despite lack of sequence similarity,
positive enhancer activity from amphioxus sequences has been
successfully detected in zebrafish transgenic assays
3, presumably
reflecting conservation of ancestral chordate regulatory states. To
investigate if this was the case for Hedgehog, we assayed .30 Kbp
from the amphioxus Hh locus for enhancer activity using zebrafish
transgenesis. Since the widespread conservation of non-coding
regions among the amphioxus species precluded the identification
of discrete candidate HCNRs, we generated zebrafish lines carrying
overlapping fragments spanning both introns and ,11 Kbp
upstream from the transcription start site (Figure 4A). Only two
fragments (D and F) drove consistent mosaic reporter expression
at 24 hpf or 48 hpf embryos, but only F, within the second intron,
was consistent with the endogenous shh expression (D drove
expression to the hatching gland, Figure S3). To better determine
the enhancer activity within the region F, we generated stable
transgenic lines for this fragment. Three out of four different stable
linesshowedGFPexpressioninthedevelopingpharynxandgillslits,
confirming the results from the F0 assays. In situ hybridization of
GFP transcripts confirmed reporter expression to developing
pharyngeal endoderm and branchial arches, but not in notochord
or CNS (Figure 4D, and transversal section in Figure 4E). This
expression is part of the endogenous expression pattern of
zebrafish shh genes (arrow head in Figure 4C
43,), and presumably
homologous to the expression of amphioxus Hh in developing
pharyngeal endoderm and gills slits
33. In addition, we also
generated stable transgenic zebrafish lines for fragments B and G,
spanning the equivalent regions to those where the floor plate
enhancers lay in vertebrates (Figure 1). None of these regions
activated GFP expression in the transgenic embryos at these stages,
and only founders with control RFP expression were identified for
each construct (data not shown).
Synteny analysis of vertebrate and invertebrate Hedgehog loci
identifies a genomic rearrangement that has remodeled Shh
regulatory landscape. To reconstruct the evolutionary history of
Shh GRB, we studied the local synteny surrounding members of
the Hedgehog gene family across metazoans (Figure 5). Within
jawed vertebrates, we found a clear correspondence for general
genetic neighborhood for the three vertebrate Hedgehog genes,
with the region upstream of each Hedgehog gene containing at
least one gene from three gene families (Des/Prph, DnaJB and Tub)
(Figure 5A). This pattern suggests that this cluster of genes is
an ancestral local linkage group, established before the WGDs
that gave rise to the three Hedgehog paralogs in vertebrates.
Interestingly, the genes immediately adjacent to the Hh paralogs
showed a more complex pattern. As mentioned above, Shh is
neighbored by the upstream bystander genes Lmbr1 and Rnf32,
which contain important regulatory elements for Shh; however
Dhh contains only one of these genes (the paralog Lmbr1l), and
Figure 4 | Transgenic reporter analysis of amphioxus Hh sequences in zebrafish. (A) Schematic representation of the location and length of the seven
fragments(A–G)spanning.30 KbpoftheamphioxusHhlocustestedbytransgenesisinzebrafish.Inred,‘F’,theonlyfragmentthatdroveGFPreporter
expression consistent with the endogenous genes in zebrafish and amphioxus (D–E). (B) Conservation of the B. lanceolatum sequence compared to B.
floridae,asinFigure1.(C)Insituhybridizationofshhainazebrafish30 hpfembryo.Arrowheadshowsexpressioninpharyngealendodermandforming
gillslits.(D)InsituhybridizationofGFPinastabletransgenicembryocarryingfragmentF.Expressionisonlyobservedinpharyngealendodermandgill
slits (note that the seemingly dorsal expression domain correspond to the expression of the opposite side, as shown in (E)). (E) Section through dashed
line in (D) showing expression of GFP is restricted to pharyngeal endoderm and gill slits, and not present in notochord or CNS.
www.nature.com/scientificreports
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phylogenetically unrelated Nhej1 gene.
To determine the source of this discrepancy we then studied the
chromosomal regions containing the single-copy ancestral Hh genes
in invertebrates. We found that Nhej1 is widely linked to Hh in
invertebrates (amphioxus, sea urchin, sea anemone and the coral
Acropora, Figure 5A), demonstrating that Njeh1 was ancestrally
linked to Hh, but has been lost in the Shh and Dhh regions.
Interestingly, we found that neither Lmbr1 nor Rnf32 is linked to
Hh in invertebrates; however, these genes are found linked to each
otherandwiththesamerelativeorientationinadifferentamphioxus
genomic scaffold. Therefore, the simplest explanation for these data
isthatasmall-scalerearrangementduringvertebrateevolutionintro-
duced a chromosomal fragment including both Lmbr1 and Rnf32
into a (largely) intact Hh locus and likely removed another fragment
containingaNhej1paralog,creatingthenovelarrangementobserved
in Shh and Dhh (the latter of which has apparently subsequently lost
Rnf32). Furthermore, that Lmbr1 genes are found in the regions
surrounding Shh and Dhh, but not in the third paralog Ihh, which
in turn maintains the ancestral linkage to Nhej1 present in inverteb-
ratespecies,suggeststhatthisarrangementaroseafterthefirstround
of genome duplication (giving rise to the Ihh locus and the ancestor
of the Shh/Dhh locus), but before the second duplication that gave
rise to the separate Shh and Dhh loci, thus providing a very precise
time point for origin of the now-key bystander relationship of Shh
and Lmbr1 and Rnf32: between the two ancestral vertebrate WGDs.
Discussion
Using comparative genomics and transgenesis in zebrafish we have
investigated the evolution of the Hedgehog regulatory landscape
within chordates. Despite remarkably conserved expression patterns
duringearlyembryonicdevelopment,wefoundlittleevidenceforcis-
regulatory conservation between the cephalochordate amphioxus
and vertebrates, notwithstanding large conservation of non-coding
regions within each lineage. In addition, we identified a vertebrate-
specific genomic rearrangement, further differentiating the regula-
tory landscapes in both lineages.
Many cis-regulatory elements of Shh have been identified
or defined by comparison of non-coding sequences among
vertebrates
4,5,14,15,18–21,23, suggesting that Shh regulation is largely con-
Figure 5 | Syntenicorganization of Hedgehog genesand vertebrate-specific genomic rearrangement. (A)Genomic organization ofthethree Hedgehog
paralogsinmouse(Shh,DhhandIhh)andindifferentselectedinvertebrates(redarrows,indicatingtheorientationoftranscription).Lmbr1/Nhej1/Rnf32
orthologsarerepresentedbyblack/yellow/whitearrows,respectively.Verticalbarsrepresentinterveninggenes:green(Prph/Des),blue(DnaJB2/DnaJB6),
orange(Tub1/Tub4)andblack(othergenes).Chromosomeorscaffoldisindicatedforeachspecies.(B)Possibleevolutionaryscenariofortheinsertionof
the genomic fragment containing Lmbr1 and Rnf32 into the ancestral Shh/Dhh regulatory locus, some time between the two rounds of vertebrate WGD.
Nnej1 may have been lost along with the insertion or in a different event.
www.nature.com/scientificreports
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with some elements, such as the limb enhancer MFCS1/ZRS, dating
back to the origin of gnathostomes
4,22,44, and others of all verte-
brates
40,45. Similarly, we found widespread conservation of non-cod-
ing sequences among the three studied amphioxus species, spanning
,100 million years of cephalochordate evolution
36,38, at a level com-
parable to other loci with well-known conserved expression patterns
(e.g.theHoxcluster
46).Ontheotherhand,wefoundnoconservation
of non-coding sequences between cephalochordates and vertebrates.
Although the large evolutionary distance between both lineages (at
least 535–550 my
47) has often rendered too large for identification of
conserved non-coding sequences, some HCNRs and cryptic con-
served regulatory elements have been indeed identified for some
important developmental genes with conserved expression pat-
terns
41,42,48–50, suggesting that the regulation of Hedgehog loci is, at
least,notparticularly constrained overlongevolutionarytimescom-
pared to other genes with similarly crucial functions.
Further supporting the idea that the Hedgehog locus may have
experienced large evolutionary divergence during chordate evolu-
tion, we also found no clear cases of cryptic conservation of regula-
tory elements in our transgenic assays. Only one out of the seven
fragments (F) – spanning .30 Kbp of the amphioxus Hh locus –
tested for enhancer activity in zebrafish drove reporter expression
consistent with the endogenous zebrafish and amphioxus Hedgehog
genes. This fragment overlaps ,0.5 Kbp with fragment G
(Figure 4A), partly including a highly conserved block described
above, but not the short conserved stretch reported by Re ´taux
et al
40. Since fragment G did not drive similar expression, the
reported enhancer activity may therefore lay within the upstream
half of the second intron (red in Figure 4), and not within the largest
highly conserved region. Importantly, this sequence promotes
expression to pharyngeal endoderm and developing branchial
arches. The only Shh enhancer with similar activity described to
date
4, MRCS1 (Figure 1), does notlay within the orthologous intron,
butfarupstream,morethan500 Kbpawayinmouse,andclosetothe
bystander Rnf32, and it is conserved only from mammals to reptiles.
In addition, in both mouse and zebrafish, extensive probing of both
intronsequencesforenhanceractivity
15,18,22,51didnotshowanyequi-
valent enhancer in any of the two vertebrate species. This evolution-
ary divergence is also consistent with comparisons of cis-regulatory
elements between mouse and zebrafish. Although some of the
enhancers can be identified as orthologous by sequence similarity
in the two vertebrate species, they hardly drive similar expression
patterns when tested in reporter assays
22. Therefore, Shh regulatory
landscapesdonotseemtobetightlyconstrainedatthesequencelevel
even within major vertebrate groups, despite the extensive express-
ion pattern conservation observed across lineages.
However, it is important to note that several experimental limita-
tions may lead to false negatives when probing sequences for regu-
latory activity. First, the amphioxus sequences are being tested in
heterologous systems, not in their endogenous regulatory environ-
ments. Although amphioxus sequences have been extensively
reported to be active in vertebrate systems
3,41,42,48–50, it is still unclear
how sensitive and reliable the heterologous approach is. Second, in
the specific case of the various Shh floor plate enhancers both in
mouse and in zebrafish, they have been shown to be often codepen-
dent and their activity enhanced in a cooperative or synergic
way
18,22,39. Therefore, the combination of different amphioxus
sequences could also be necessary to drive significant reporter
expression.Unfortunately,thisissueisverydifficulttoevaluatewith-
out knowing were the specific regulatory elements reside in amphi-
oxus. Third, it is also possible that other amphioxus enhancers lay in
further upstream or downstream regions, or even within the neigh-
boring gene Nhej1, as the previously reported endochondral bone
Ihh enhancer
26. Consistent with this possibility, several discrete
HCNRs are detected within the two long introns of the amphioxus
Nhej1gene,comparingB.floridaeandB.belcheri(FigureS4).Finally,
only early developmental stages have been probed in this study, and
thus it is possible that shared regulatory inputs do exist for later
stages of development; however, large conservation of expression
patterns between Shh and amphioxus Hh is observed only at these
early stages
29,30.
Perhaps the most exciting finding of this study is the vertebrate-
specificgenomicnoveltyassociatedwiththeoriginoftheShh-Rnf32-
Lmbr1genomicregulatoryblock.First,theseresultssuggestthatDhh
and Shh may be more phylogenetically related to each other than to
Ihh, in contrast to previous phylogenetic analyses
32,45,52, likely affec-
ted by the faster evolutionary rates of Dhh coding sequence. Second,
this genomic novelty may be associated with a key novel expression
domain of Shh. Shh is expressed in the limbs of all jawed vertebrates,
including both bony and cartilaginous lineages
24,44. The recruitment
ofHedgehogsignalingtothesestructureshasbeensuggestedasoneof
the crucial events for the origin of paired appendages, probably
through the cooption of genetic programs that were already oper-
ating in the median fins
44,53. Importantly, despite extensive searches
for regulatory elements in different species, only one enhancer
responsibleforthelimbexpressionofShhhasbeenidentifiedtodate,
the MFCS1/ZRS enhancer, which is located within the fifth intron of
the bystander gene Lmbr1
21 and is highly conserved across gnatos-
tomate species
4,14,20,44. Remarkably, our results demonstrate that the
recruitment of the Lmbr1 gene into the Shh regulatory landscape to
establish a new GRB – and seemingly replace the old one integrated
byNhej1
26–occurredwithinthevertebratelineage,thoughagenome
rearrangement between the two rounds of WGD. Whether Lmbr1
already contained regulatory elements at the time of the genomic
rearrangementoritsimplyprovidedtheappropriaterawmaterialfor
the evolution of the enhancer, this new syntenic configuration may
have allowed the recruitment of Shh expression to the limbs.
Although it may not be possible to confidently establish a causal
relationship between the two evolutionary events, it suggests the
excitingpossibilitythat,insomecases,theremodelingofthegenome
architecture may underlay the evolution of gene regulation and the
appearance of novel traits.
Methods
Genomic library screening and PCR-based cloning. We screened a Lambda Fix
II/XhoI genomic library (Stratagene) of B. lanceolatum
54 with [a-32P] dCTP-labeled
probes by random-hexamer priming. Approximately 6310
5 recombinant phages
were screened at standard conditions (60uC)
54. For the primary screening, we used a
probe for each of the three B. lanceolatum exons (EU754743). This strategy allowed
the identification of positive phages containing the first (l5020A), the second
(l5010B) and the second and third exons together (l5009BC) and neighboring non-
coding regions (Figure 2). We performed a second screening using a probe designed
atthe59ofl5020Athatprovided15 KbpupstreamtheATG(l5032).Allphageswere
sequenced by randomly interspersed primer-binding sites technology using a Tn7
transposon-basedsystem(GPSH-1GenomePrimingSystem,NewEnglandBioLabs)
and specific ‘walking’ primers, and the assembly was made by Phred, Phrap, and
Consed software
55–57.
We next used a different strategy to clone further upstream B. lanceolatum geno-
mic sequence. Taking advantage of the high polymorphism in the B. floridae
amphioxus genome, we aligned the genomic sequences from the two Hh haplotypes
(scaffolds 137 and 532) and selected blocks that had .99% conservation over long
sequencestretches(300–600 bp).Wethendesigned2–3forwardandreverseprimers
spanning these regions and use them together in a single PCR reaction for each block
using B. lanceolatum genomic DNA and low annealing temperature. We cloned and
sequence the PCR products for each block using pCRII/TOPO vectors (Invitrogen).
Then, between each block we designed B. lanceolatum specific primers and per-
formed PCR reactions using iProof DNA polymerase (Promega) to amplify long
fragments and cloned them. Using this strategy we cloned three new blocks, BS2-4
(Figure 2), that were sequenced using primers specifically designed for sequence
walking. All primer sequences are available upon request. The whole assembled Hh
locus from B. lanceolatum has been submitted to GeneBank (accession number
JX034725).
Phylogenetic footprinting analyses. We used the following genomic sequences and
annotations: (i) B. floridae, scaffold 532 combined with 137 when necessary, from
Nhej(inclusive)to2 KbpdownstreamHh(total,82 Kbp);(ii)accesstounpublished
B. belcheri genome sequence was kindly provided by Dr. Anlong Xu, and the
equivalent region to B. floridae was used (,68.5 Kbp); for vertebrates, the regions
www.nature.com/scientificreports
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paralogs were extracted from Ensembl (see below), together with prebuilt VISTA
annotations. Annotations for the amphioxus genes were done by sequence
conservation to the B. lanceolatum orthologs (BlHh, EU754743; BlNhej1, JX034724).
Orthologyrelationshipscouldbeunambiguouslydeterminedbybestreciprocalblasts
(see also below for Lmbr1).
Phylogenetic footprinting was performed using the visualization tool mVISTA
58
formulti-species alignmentsgenerated using the LAGANsoftware
59 (visualization of
alignments produced by AVID and Shuffled-LAGAN yielded similar results). For
comparisons between the three amphioxus species we used high stringency condi-
tions for peak calling in the VISTA plots (window size of 300 bp, minimum width of
300 bp and sequence identity threshold of 80%). For comparisons within vertebrate
paralogs and between vertebrates and amphioxus, we used standard conditions
(window size of 100 bp, minimum width of 100 bp and sequence identity threshold
of70%)forvertebratesandlowerstringentconditionsforamphioxus(windowsizeof
50 bp, minimum width of 50 bp and sequence identity threshold of 60%). Usage of
different reference genomes for alignment visualization (i.e. amphioxus, medaka or
Xenopus) yielded similar results.
Synteny comparisons and genomic resources. We used the following genome
resources to browse and search for orthologs of Hh, Nhej1, Lmbr1 and Rnf32:
TrichoplaxadhaerensGrell-BS-1999v1.0,Nematostellavectensisv1.0,B.floridaev1.0,
Ciona intestinalis v2.0 and v1.0, Daphnia pulex v1.0, Lottia gigantea v1.0 and
Capitella teleta v1.0, at DOE Joint Genome Institute (JGI) webpage (http://
genome.jgi-psf.org/euk_home.html),and ofStrongylocentrotus purpuratus Build 2.1,
Drosophila melanogaster Build Fb5.3, Homo sapiens Build GRCh37, Mus musculus
Build 37.1, Gallus gallus v2.1, Anolis carolinensis AnoCar1.0, Xenopus tropicalis JGI
v4.1, and Oryzias latipes at the Ensembl webpage (http://www.ensembl.org), and
Saccoglossus kowalevskii 2008-Dec-09 scaffolds at HGSC Baylor College of Medicine
webpage (http://blast.hgsc.bcm.tmc.edu), and the Acropora digitifera genome
60.
Paralogs for the different Shh, Dhh and Ihh neighbouring genes in vertebrates were
obtained by the Ensembl paralog tool. Lamprey could not beincluded in the analyses
because of the current incomplete and fragmentary genomic assembly, in particular
for both Hh genes
45.
Phylogenetic analyses of Lmbr1/Lmbr1l genes. We downloaded full protein
sequences for Lmbr1 and Lmbr1l from H. sapiens, X. tropicalis and D. rerio, and
Lmbr1 orthologs from the following invertebrates: B. floridae, B. belcheri, S.
purpuratus,S.kowalevskii,L.gigantea,Cteleta,D.melanogaster,D.pulex,N.vectensis
from the sources mentioned above. Sequences for Apis mellifera and Tribolium
castaneum were obtained through NCBI BLAST (http://blast.ncbi.nlm.nih.gov/
Blast.cgi). In addition we used putative Lmbrd1 genes from H. sapiens, B. floridae, L.
gigantea and N. vectensis as outgroups. Phylogenetic trees were generated by the
Bayesian method with MrBayes 3.1.2
61,62 using two independent runs (each with four
chains). Model selection using ProtTest
63 (best model: CpRev1G), convergence
determination, burn-in, and consensus tree calculations were done as previously
described
64,65. In total, 3,000,000 generations were run, reaching convergence at
generation 685,000; all trees prior convergence were discarded, and the remaining
ones were used to build the consensus tree (Figure S5). This tree shows that all
investigated Lmbr1 genes are orthologs and that Lmbr1 and Lmbr1l in vertebrates
arose from a vertebrate-specific duplication, most likely one of the two WGDs.
Transgenicanalysesinzebrafishandinsituhybridization.Wedesignedprimersto
amplify seven overlapping B. lanceolatum genomic fragments of 4–7.0 Kbp. PCRs
were performed on B. lanceolatum genomic DNA or on the corresponding phage
DNA extractions using iProof
TM High-Fidelity DNA Polymerase (Bio-Rad). PCR
products were cloned in pCR8GW/TOPO vector (Invitrogen) according to
manufacturer. Sequence-verified clones were then transferred with the Gateway
recombination system (Invitrogen) to the ZED vector
66. The final transgenic
constructs were purified using phenol-chlorophorm and normalized at 50 ng/ml in
DEPCwaterpriortomicroinjection.Foreachconstruct,.100injectedembryoswere
assayedandGFPexpression investigatedat24and48 hpf.RFPexpression withinthe
musclesobserved 72 hpfserved asa positivecontrolfor transgenesis. Twoconstructs
showed consistent GFP expression in F0 (D, 28/130 injected embryos (22%) and F,
25/165(15%)); ofthese, onlyF–whichshowed anexpression patternconsistentwith
the endogenous shha gene – was raised to the next generation to obtain stable
transgenic lines (F1 lines), in addition to fragments D and G, with negative GFP
activity. For embryonic gene expression analysis of GFP driven by fragment F and
endogenous shha by in situ hybridization, zebrafish embryos were fixed at different
stages in 4% paraformaldehyde overnight at 4uC; and in situ hybridizations carried
out as previously described
67.
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